Treatment options for colorectal cancer (CRC) have improved substantially over the past 25 years, especially for stage III and IV disease (1, 2) , with greater use of adjuvant therapy (3), multidrug regimens for metastatic disease (4, 5) , and targeted biologic agents (1, 6, 7) . However, determining treatment impact on population-level survival is challenging because improvements in CRC treatment have occurred at the same time as advances in primary prevention, screening, and treatment strategies for a host of competing medical conditions. Population scientists confront a choice when measuring the impact of interventions on survival after cancer diagnosis. Estimating cancer-specific survival focuses on deaths attributable to malignancy and requires accurate ascertainment of cause of death, which may be unreliably coded on death certificates (8) . Relative survival focuses on the population burden of deaths from a particular cancer by comparing survival among cancer patients with survival in an otherwise similar population not known to have cancer (9) (10) (11) . Relative survival is an especially useful tool for identifying the extent to which advances in cancer therapeutics have an impact at the population level because this approach places changes in survival after diagnosis in the context of populationlevel changes in survival.
In this article, we describe trends in relative survival after CRC diagnosis. Using nearly 30 years of population-based tumor registry data from the Surveillance, Epidemiology, and End Results (SEER) Program (12) allowed us to estimate relative survival after CRC diagnosis by stage and tumor site in the colon or rectum (13) .
Methods

Study Population
We analyzed data from the SEER Program for people diagnosed with CRC between January 1, 1975 , and December 31, 2003, with follow-up through December 31, 2010 (12) . We excluded people diagnosed in 2004 and later because in 2004 the SEER Program shifted to a collaborative staging approach that created a discontinuity in stage definitions with less than 6 years of follow-up after this change (14) . We analyzed data from nine SEER registries that began collecting data in 1975 or earlier: Atlanta (metropolitan), Connecticut, Detroit (metropolitan), Hawaii, Iowa, New Mexico, San Francisco-Oakland, Seattle (Puget Sound), and Utah. We restricted analyses to people identified as black or white race, excluding people of other and unknown races, because our analyses required reliable estimates of population-level expected survival; these estimates are available for blacks and whites but not other racial groups. We did not exclude people identified as having Hispanic ethnicity. We excluded patients with unstaged disease. This study was approved by the Group Health Institutional Review Board. Written informed consent was not required from patients.
Outcome Measure
We evaluated the time from CRC diagnosis to death from any cause. Our analyses focused on relative survival: the ratio of survival of persons diagnosed with CRC compared with survival of persons without CRC.
Survival of persons without CRC (ie, expected survival) is influenced by age, race, sex, and time period. Expected survival in persons not diagnosed with CRC was obtained from survival in the general US population, available in SEER*Stat from the National Center for Health Statistics (15). SEER*Stat uses these survival data to generate yearly expected survival by constructing a cohort of individuals who were not diagnosed with CRC who match the CRC-diagnosed cohort on race, sex, and birth date. There has been considerable debate about how expected survival should be calculated (16, 17) . Our analyses reconstructed the non-CRC cohort when a case subject was excluded from the observed survival risk set (ie, after CRC death or loss to follow-up) to maintain matching of the two cohorts for race, sex, and age distributions.
Disease Location
Colon cancers included cancers in the sigmoid colon, descending colon, splenic flexure, transverse colon, hepatic flexure, ascending colon, and cecum, and cancers in the large intestine, not otherwise specified. Rectal cancers included cancers in the rectum and rectosigmoid junction. Although patients with rectosigmoid cancer represent a mix of patients with true colon cancer (above the peritoneal reflection) and patients with true rectal cancer (below the peritoneal reflection), this distinction is not reliably recorded in SEER data.
Stage at Diagnosis
Staging was based on the fifth edition of the American Joint Committee on Cancer (AJCC) staging system (13) . AJCC staging was not recorded by SEER registrars before 1988, so we constructed AJCC staging based on the tumor (T) and nodal (N) component measures of TNM staging (18) . The categories we used to define stage at diagnosis were consistent with those in the sixth edition of AJCC staging (19) .
Statistical Analysis
We estimated relative survival by comparing observed survival after diagnosis with CRC to expected survival based on age, sex, and race. We used an additive hazard model (10, 11) with an exponential form for excess hazard (10) so that the overall hazard is given by
where λ*(x,t) is the expected hazard in the absence of CRC diagnosis and exp[xβ+α(t)γ] is the excess hazard due to diagnosis with CRC. Both the expected and excess hazards vary by age, sex, and race; x are fixed covariables, such as age at diagnosis and sex, and α( ) t are time-varying covariables, such as time since diagnosis. The expected hazard λ*(x,t) may depend on a subset of the covariables included in the relative survival model. We applied this model to SEER data using annual intervals (11) . Covariable information is updated with each new interval, so that α( ) t is the value of the covariable at the end of the t-th interval and is fixed throughout the interval. Under this model, excess hazard is proportional across covariable groups, and the survival of individuals diagnosed with CRC is proportional to survival of individuals in the general population. Models were restricted so that survival in patients diagnosed with CRC could not exceed survival in the general population.
We used a generalized linear model with a binomial error structure to describe the number of deaths among individuals diagnosed with CRC relative to the number of expected deaths in each 1-year follow-up interval, with a complementary log-log link function (10) .
We estimated separate models for eight stage and location groups, separating colon and rectal cancers each into stage I, II, III, and IV disease. All models included sex, race (black vs white), age at diagnosis, time since diagnosis, and diagnosis year. Age in years at diagnosis was coded as a categorical variable, consistent with SEER reporting, as 20 to 49 years, 50 to 59 years, 60 to 69 years, 70 to 79 years, and 80 years and older. Diagnosis year was coded as an integer and was assigned the value at the beginning of the 1-year period. We included diagnosis year in models as a continuous variable that was a piecewise linear function of year, allowing changes in slope at 1980, 1990, and 2000. For stage I colon and rectal cancers, we did not allow a change in slope in 2000 because models with this change overfit the data.
Years since diagnosis, noted by t, was a time-varying covariable updated in 1-year increments at the end of the yearly interval, so that in the year of diagnosis t = 1, the next year t = 2, and so on up to t = 25. We included year since diagnosis in survival models as a continuous variable that was a piecewise linear function of year. We allowed changes in slope at 2, 3, 5, 10, and 15 years after diagnosis to allow rapid change in excess hazards in the first few years after a CRC diagnosis followed by continuing but more gradual change.
We included interactions between age at diagnosis and years since diagnosis for some stage-location groups to allow changes in excess hazard after diagnosis to vary across age groups (10). We examined deviance statistics and residuals to assess the goodness of fit of survival models but relied primarily on residuals in this large sample.
Estimated Covariable Effects. Excess hazard ratios were estimate by evaluating exp[xβ + α(t)γ]. Cumulative excess hazard to time t was estimated by exp( ) exp ( )
. Relative survival to time t was esti-
with point-wise 95% confidence intervals (CIs) based on a parametric bootstrap (20) . For fixed (time-invariant) covariables, the excess hazard ratio is equal to the cumulative excess hazard ratio, so that exp(β) estimates the excess hazard ratio for x = 1 vs x = 0 and estimates the log-difference in the cumulative relative survival ratio. Similarly, for a timevarying covariable, the excess hazard ratio is based on exp(α(t)γ). Statistical tests were based on two-sided Wald tests of H 0 :β = 0 (or H 0 :α(t)γ = 0). Cumulative excess hazard ratios and cumulative rela-
and take into account changes in excess hazard over time.
All statistical tests were two-sided, and a P value of less than .05 was considered statistically significant.
results
The sample included data from 233 965 people diagnosed with CRC (Table 1) . A small but noteworthy fraction of patients (7.1%) were diagnosed before their 50th birthday. Approximately 58% of patients were diagnosed between the ages of 60 and 79 years. Table 2 shows excess hazard ratios for death after CRC diagnosis for fixed covariables based on separate stage and cancer location models. Women had lower excess mortality than men for stage I rectal cancer, stage II colon and rectal cancers, and stage III rectal cancer. We found no sex differences in excess mortality for the other stage-location combinations. Blacks had statistically significantly greater excess mortality than whites for all stage and location groups; relative differences were largest for stage I cancers and decreased with increasing stage. We found statistically significant reductions in excess mortality for more recently diagnosed cancers for all stage and location groups. The excess hazard of mortality from CRC was statistically significantly reduced from 2003 relative to 1975, with excess hazard ratios ranging from 0.75 (stage IV colon cancer; P < .001) to 0.32 (stage I rectal cancer; P < .001), indicating improvements in relative survival for all stages and cancer locations. These improvements occurred in earlier years for patients diagnosed with stage I cancers, with smaller but continuing improvements for laterstage cancers. For example, there were relatively large reductions in excess mortality for stage I colon and rectal cancer from 1980 to 1990. The greatest overall reductions in excess hazard occurred for early-stage cancers and stage III rectal cancer. Table 3 shows excess hazard ratios as a function of age at diagnosis with CRC at 1, 5, and 10 years after diagnosis, compared with patients diagnosed between the ages of 60 and 69 years. Diagnosis at younger ages was generally associated with lower excess hazards than diagnosis at older ages. Age effects did not vary with time since diagnosis for stage I colon cancer. For most other stage and location groups, the effect of age at diagnosis diminished with increasing time since diagnosis, although patients with stage I rectal cancer diagnosed before age 60 years had greater excess hazards 10 years after diagnosis than patients diagnosed between 60 and 69 years. Diagnosis at older ages was generally associated with greater excess hazard, although patients diagnosed at older age with stages II, III, and IV colon cancer had lower excess hazard 5 years after diagnosis, relative to patients diagnosed between 60 and 69 years. Table 4 shows cumulative relative survival by stage and location for white men (the reference group) diagnosed in 1990. There were modest steady decreases in cumulative relative survival after diagnosis with stage I colon cancer. In contrast, cumulative relative survival for stage IV colon and rectal cancers decreased rapidly in the 5 years after diagnosis. Patterns of cumulative relative survival across stage and location groups varied between these two extremes. With the exception of stage IV disease, patients diagnosed with rectal cancer had poorer cumulative relative survival than those diagnosed with same-stage colon cancer. With few exceptions, patients diagnosed at younger ages had better cumulative relative survival than patients diagnosed at older ages. cancer between 1980 and 1990. Consistent with results in Table 2 , there were smaller but continuing improvements for stage II and III CRC survival. Relatively large improvements were seen for stage III rectal cancer. Although it is difficult to see in the figure, there were also improvements in survival for stage IV CRC (as shown in Table 2 ).
Discussion
Our analyses clearly demonstrate reductions in the population-level impact of CRC on survival since 1975. Our findings of lower excess hazard in women than in men and higher excess hazard in blacks than in whites are consistent with published CRC-specific survival estimates (21) (22) (23) . Similarly, our findings that excess hazard declined over time for stage I CRC, with smaller improvements for later-stage CRC, are consistent with published findings of improvements in stage-specific CRC survival (23) . By distinguishing between colon and rectal cancers, we demonstrated poorer survival outcomes for patients diagnosed with rectal cancer vs those diagnosed with colon cancer but also found clear survival gains for patients diagnosed with stage III rectal cancer that would have been obscured in combined analyses. A drawback of examining CRC-specific survival is that it is not clear whether secular trends are a consequence of better cancer treatment or of better overall health status and medical care. By examining relative survival, our analyses provide evidence that treatment advances have contributed to this favorable trend. In the 1970s there was only one efficacious drug, 5-fluorouracil, for treatment of advanced CRC. There are now multiple efficacious chemotherapy drugs for CRC, including irinotecan (introduced in 1996) (4), oxaliplatin (introduced in 2002) (5) , and the biologic agents bevacizumab and cetuximab (both introduced in 2004) (1, 6, 7) . The trends we identify suggest that treatment benefits demonstrated in clinical trials have translated to lower CRC case fatality. Analysis of secular trends in relative CRC survival requires consistent cancer staging, but SEER stage coding changed over our study period. Constructing AJCC stage for patients diagnosed with colon cancer was relatively straightforward because more than 95% of individuals with stage I to III colon cancer undergo cancer-directed surgery, resulting in cancer site-specific surgery and staging codes. However, changes in neoadjuvant treatment of rectal cancer make accurate staging of rectal cancer difficult (24) . Increasingly, patients diagnosed with rectal and rectosigmoid cancer are treated with preoperative chemotherapy and radiation, so the recorded pathological stage does not necessarily correspond to disease severity at diagnosis. This is a limitation of the SEER data that we acknowledge but cannot entirely circumvent.
Similarly, within-stage migration could have contributed to improvements in relative survival. For example, if stage III colon cancers diagnosed after 2000 were a bit less advanced than those identified in 1985, we might identify declining case fatality absent improvements in treatment. One possible mechanism for withinstage shifts is an increase in the number of lymph nodes retrieved at surgery (25) , although two recent studies found no evidence that the number of lymph nodes retrieved is associated with lymph node positivity rates (25, 26) . It is possible that within-stage migration had some effect on our findings, but it is implausible as the major source of the trends we observe.
We limited our analyses to patients diagnosed through 2003 because of changes in staging and availability of follow-up after the most recent modification to SEER staging in 2004. Therefore we cannot draw conclusions about survival changes in more recent years.
When estimating relative survival models, we implicitly assumed that patients diagnosed with CRC had the same risk of non-CRC death as age-, race-, and sex-matched individuals from the general population. Risk factors for CRC include obesity (27) , diabetes (28) , and smoking (29) , with estimated relative risks of CRC as high as 1.3 for patients with diabetes. These factors are also associated with an increased risk of non-CRC death, potentially resulting in overestimation of expected survival in the general population and underestimation of relative survival, although simulation studies suggest relatively small bias given the degree of association between risk factors and CRC (30) . Our focus on differences in relative survival over time and across patient groups also reduces the potential for bias.
Diffusion of CRC screening may have driven some of the observed changes in survival, biasing toward better estimated survival because of length and lead-time bias (31) . Length bias occurs when screening identifies more indolent disease with better natural history than clinically detected disease, regardless of treatment. Lead-time bias occurs when survival appears to be longer because screening shifts diagnosis to an earlier point but does not change the age at death. Uptake of CRC screening increased during the study period. Medicare began universal coverage of CRC screening in 1988, with colonoscopy included as a covered screening modality in 2001 (32) . However, the extent of screening uptake is unclear because studies usually describe CRC testing, which combines asymptomatic screening and diagnostic assessments. The prevalence of lifetime CRC testing increased from less than 30% in 1987 to approximately 45% at the end of our study period in 2003 (33) . In 2000, about 38% of adult Americans aged 50 to 75 were up-todate for CRC screening based on prior tests (34) .
Randomized trials (35) (36) (37) (38) and observational studies (39, 40) show that screening with fecal occult blood tests results in earlier stage at detection; flexible sigmoidoscopy and colonoscopy likely have similar effects. Because of this, we expected screening diffusion to have the largest effect on stage I CRC. Interestingly, the largest improvements in survival from stage I CRC occurred in the 1980s, when screening was first diffusing through the US population and screening rates were relatively low (33) . Differential screening uptake might also underlie some age, sex, and racial differences in stage-specific CRC survival (41, 42) .
Further research is needed to disentangle the relative impact of screening and treatment on improvements in stage-specific CRC survival. Such research has been stymied by the inability to distinguish screening from diagnostic colonoscopy in administrative datasets. An alternative approach is to use simulation models to distinguish between the competing effects of changes in risk factors, screening, and treatment on cancer survival (43, 44) , but these models require assumptions about patterns of screening diffusion.
Regardless of the contributions of screening and treatment, our results demonstrate steady overall improvements in survival for all CRC stages that were detectable even against the background of improved overall survival. 
